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Chapter 7

ROLE OF THE KEAP1-NRF2 PATHWAY
IN PROTECTION AGAINST IONIZING RADIATION
Atsushi Maruyama and Ken Itoh
Department of Stress Response Science,
Hirosaki University Graduate School of Medicine,
Zaifu-cho, Hirosaki, Japan

ABSTRACT
From the beginning of life, organisms on earth are assumed to have encountered
harsh environments enriched with reactive substances, such as electrophiles and reactive
oxygen species, that are partly generated by environmental stresses, such as solar UV and
ionizing irradiation. However, they adapted to the stresses by acquiring the intricate
cytoprotective mechanisms of antioxidant enzymes and proteins, such as catalase and
glutathione. Nrf2 plays an important role in oxidative stress response in mammalian cells
by regulating the expression of a battery of cytoprotective genes related to glutathione
metabolism, antioxidant proteins and drug detoxifying enzymes, etc. Recent studies have
shown that Nrf2 activators can ameliorate various oxidative stress-related diseases in
animal models by restoring redox homeostasis. Nrf2 activator dimethyl fumarate is now
clinically used to treat multiple sclerosis.
Ionizing radiation also activates Nrf2. Recent studies have shown that the Nrf2mediated gene regulatory network confers resistance against ionizing radiation in normal
cells and cancer cells, giving Nrf2 a double-faced character to human health. In normal
tissues, Nrf2 not only regulates cytoprotective genes, but also activates the regulatory
nexus, including the Notch pathway that increases hematopoiesis in mice after total body
irradiation.
Thus, Nrf2 can be a promising molecular target that ameliorates susceptibility to
acute ionizing radiation.
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INTRODUCTION
Substances are chemically divided into electrophilic, neutral and nucleophilic substances.
Electrophiles are molecules that have electron-deficient centers and thereby make adducts with
nucleophilic biomolecules, including proteins, DNA, and lipids. During evolution,
organisms evolved an intricate defense system against reactive electrophiles mainly involving
glutathione. Reactive Oxygen Species (ROS) are generated in the organism by environmental
stresses, such as UV radiation, ionizing irradiation and infection, as well as by normal
physiological activities, such as cellular respiration.
Organisms use ROS as cellular signaling molecules generated from mitochondria or
membrane-bound NADPH oxidase. Both ROS and electrophiles are reactive with cellular
thiols and an excessive amount of them provokes redox unbalance leading to oxidative
damage of cellular components.
Nuclear factor erythroid 2-related factor 2 (Nrf2) activated by ROS and electrophiles
restores redox homeostasis or further mediates health-promoting effects of low amounts of
these stresses.
In this chapter, we introduce the Kelch-like ECH-associated protein 1 (Keap1)-Nrf2
system and we discuss the role of Nrf2 in the protection against ionizing irradiation and its
possible role in the hormetic effect of low-dose irradiation.

1. KEAP1-NRF2 STRESS RESPONSE PATHWAY
1.1. Brief Overview of the Keap1-Nrf2 Response
Nrf2 belongs to the Cap‘n‘collar (CNC) transcription factor family, which is
characterized by a highly conserved basic region, leucine-zipper structure and a CNC domain
just upstream of the basic region [1]. It regulates the expression of many antioxidant genes to
protect against toxicities of environmental electrophiles and ROS. Under homeostatic
conditions, Keap1, which acts an adaptor for a Cul3-based E3 ligase, degrades Nrf2 by the
ubiquitin proteasome pathway (Figure 7-1) and represses Nrf2 activity. Electrophiles or ROS
attenuates the Keap1-mediated Nrf2 turnover, leading to nuclear Nrf2 accumulation and
heterodimerization with its obligate DNA binding partner, small Maf proteins, to bind to
antioxidant responsive elements (ARE) in the gene regulatory region of target genes.
Nrf2 regulates a battery of genes that participate in regulating the synthesis and
conjugation of glutathione, antioxidant proteins and enzymes, drug metabolizing enzymes or
drug transporters, proteasome subunits, NADPH-generating enzymes, and enzymes that
participate in nucleotide synthesis (Figure 7-2) [1].
Although Nrf2 knockout (KO) mice are viable under normal laboratory conditions, basal
as well as inducible expressions of Nrf2 target genes are decreased and they are susceptible to
various chemicals and oxidative stress [1]. However, Keap1 KO mice, in which Nrf2 is
constitutively activated, die postnatally because of hyperkeratosis in the esophagus and
forestomach [1]. Electrophiles activate Nrf2 because Keap1 is inactivated after modification
of its reactive cysteine [1]. Pharmacological activation of Nrf2 confers on mice protection
against various environmental stresses and diseases [2].
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Figure 7.1. Regulation of Keap1-Nrf2 pathway.

Details are described in the text.
BTB: bric-a-brac, tramtrack, broad complex domain, DGR: double glycine repeat domain,
Ub: ubiquitin, DLG: DLG motif, ETGE: ETGE motif, Cul3: cullin3, ARE: antioxidant
responsive element, and sMafs: small maf proteins.

Figure 7.2. Nrf2 target genes mainly of antioxidant function.
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Reported Nrf2 target proteins and those activities are shown and surrounded by
rectangles.
xCT: cystin transporter, ABCCs: ATP binding cassette protein family C proteins, CD36:
scavenger receptor CD36, GCLM: glutamate-cysteine ligase, modifier subunit, GCLC:
glutamate-cysteine ligase, catalytic subunit, GR: glutathione reductase, GPX: glutathione
peroxidase, NQO1: NAD(P)H quinone oxidoreductase 1, TXNRD1: thioredoxin reductase 1,
TXN: thioredoxin, SRXN1: sulfiredoxin 1, PRX: peroxiredoxin, ME1: malic enzyme 1,
G6PD: glucose-6-phosphate dehydrogenase, HO-1: heme oxygenase-1, HRG1: heme
regulated gene 1, FPN1, ferroportin 1, FECH: ferrochelatase, ALAS2: delta-aminolevulinate
synthase 2, FTH1: ferritin heavy chain, FTL: ferritin light chain, SQSTM1: sequestosome 1,
MAFG: small MAF protein G, GSH: glutathione, NADPH: reduced nicotinamide adenine
dinucleotide phosphate, UG-conjugates: uridine diphosphate glucuronide acid-conjugates.

1.2. Historical Aspects of the Keap1-Nrf2 Pathway and Relation to Hormesis
The physiological function of Nrf2 was first described as a coordinate regulator of
electrophile-detoxifying phase II drug detoxifying genes [3]. Phenolic antioxidants, such as
butylated hydroxyanisol (BHA), are used widely as food preservatives in the USA. BHA
protects mice against various classes of carcinogens [4].
Most carcinogens are electrophiles or are converted in vivo to electrophiles, to bind to
DNA [5]. We showed that the expression of several isoforms of glutathione-S-transferase is
strongly induced in the liver or the intestine of wild-type mice, but not in Nrf2 KO mice upon
exposure to BHA [3]. Today, BHA is widely believed to be metabolized to electrophiles (i.e.,
tert-butyl hydroquinone (tBHQ)) in vivo and to activate Nrf2. Thus, we believe our results
were the first in vivo demonstration that Nrf2 is essential for gene induction of electrophiledetoxifying enzymes in response to electrophiles. We showed later that Nrf2 mediates
chemoprotective effects of the Nrf2 activator, named oltipraz, against benz[a]pyrene-induced
or nitrosamine-induced carcinogenesis [6,7]. In the toxicology field, hormesis refers to the
biphasic dose response in which a low dose exerts beneficial effects but a high dose exerts
deleterious effects [8].
In the field of biology or medicine, hormesis generally refers to preconditioning events in
which a subtoxic dose of a substance provokes an endogenous cytoprotective response and
confers resistance against later higher amounts of the same toxicants. In the Nrf2 case, fewer
toxic electrophiles, such as tBHQ, confer resistance against tumor-promoting effects of
carcinogens.
In hormesis studies, a frequently observed phenomenon is that exposure to low levels of
one type of weak toxin can protect cells against more than one class of stress. Consistent with
this rule, Nrf2 up-regulation by natural and synthetic activators protects not only against
carcinogens, but also against various environmental electrophiles or several diseases [2].
Forman et al. proposed to name the Nrf2-mediated hormesis-like event by neutraceuticals as
―para-hormesis‖, because a hermetic initiator is not mild stress, but a health-promoting
phytochemical [9].
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1.3. Regulatory Mechanisms of Nrf2 Activation by Electrophiles
Keap1 shows structural similarity to the Drosophila Kelch protein and has two canonical
protein interaction domains: the bric-a-brac, tramtrack, broad (BTB) complex and Kelch (also
called double glycine repeat or DGR) (Figure 7-1) [10]. The Keap1 DGR domain directly
interacts with two Nrf2 Neh2 motifs (i.e., DLG and ETGE motifs), such that the Keap1 dimer
recognizes one molecule of Nrf2 (two-site recognition model or hinge & latch mechanism)
[11]. The ETGE motif is a high affinity binding site (hinge site) by two orders and the DLG
motif has lower affinity to Keap1 (latch site). The BTB domain is required for Keap1
homodimerization and therefore for repression of Nrf2 [12]. Keap1 acts as an adaptor
molecule for Cul3-based E3 ligase and degrades Nrf2 by the ubiquitin proteasome pathway
[13]. Keap1 has 25 and 27 cysteines in humans and mice, respectively [10]. Several of these
cysteines, including cysteine 273 and cysteine 288, of mouse Keap1 are highly reactive due
to adjacent basic amino acids. Talalay et al. showed later that the potencies of the chemicals
to act as phase 2 inducers in vivo parallel their potencies to bind to recombinant Keap1 protein
in vitro, indicating that Keap1 is a long-sought sensor molecule for electrophiles [14].
Binding of electrophiles to Keap1 leads to conformational change of Keap1 that disrupts Nrf2
degradation activity of Keap1. Currently, these cysteines are thought to show certain
specificities against different electrophiles depending on the strength of the electrophilicity
and the three dimensional structures of the chemicals [15].

1.4. Keap1-Independent Pathway for Nrf2 Activation
In addition to the Keap1-mediated mechanism, several kinases participate in activation of
Nrf2 in a cell type-specific manner [16]. Among them, the AKT pathway activates Nrf2 by
repressing GSK3(Glycogen synthase kinase 3)-mediated Nrf2 degradation by TrCP (transducin repeat containing protein) [17]. Recently, p62 has been identified as an Nrf2
activator [18-20]. Importantly, p62 has the STGE motif similar to Nrf2 ETGE that is the high
affinity binding site for Keap1. Serine phosphorylation of the STGE motif is postulated to
switch low affinity binding sites for Keap1 to higher affinity sites. Ichimura et al. showed that
the p62 STGE motif is phosphorylated in an mTORC1 (mammalian target of rapamycin
complex 1)-dependent manner during selective autophagy, such as mitophagy and
xenophagy, leading to Keap1 sequestration into autophagosomes and Nrf2 activation [21].
The p62 is also indispensable for Keap1-independent activation of Nrf2 in response to
arsenite [22].

1.5. Nrf2 Protects against Ischemic Reperfusion Injury  Its Possible
Contribution to Ischemic Preconditioning
Mild ischemia protects neurons against later more severe ischemic injury, which is called
ischemic preconditioning [23]. However, prophylactic treatment of Nrf2 inducers protects
mice against ischemic reperfusion injuries [24,25]. Karen et al. showed that pretreatment with
a physiologically relevant dose of H2O2 protects neurons in the in vitro model of ischemia
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reperfusion injuries (i. e., oxygen-glucose deprivation followed by reperfusion) [26]. Takagi
et al. showed that brain ischemia-reperfusion activates Nrf2 and its target gene heme
oxygenase-1 (HO-1) in the penumbra [27]. Bell et al. showed that the in vivo preconditioning
protocol activates Nrf2 target genes related to glutathione synthesis, such as glutamatecysteine ligase, catalytic subunit (Gclc) and cystine transporter (xCT) [28]. Ischemic
reperfusion in the myocardium also activates Nrf2 [29]. Thus, Nrf2 appears to participate in
ischemic preconditioning in the brain or the heart, which requires further verification by
future experiments.

2. NRF2 PROTECTION AGAINST IONIZING RADIATION
The Keap1-Nrf2 system contributes to oxidative stress response and to detoxification of
toxic compounds. Although the cellular anti-oxidative stress system participates in the
sensitivity of ionizing radiation, McDonald et al. first showed by using Nrf2 KO mice that
Nrf2 confers radioresistance [30]. However, recent studies showed that the Keap1-Nrf2
system confers on cancer cells resistance against chemotherapy and radiation. In this section,
we explain the putative mechanism of how Nrf2 is activated in response to radiation exposure
and then introduce both the ―good face‖ and the ―bad face‖ of Nrf2 in response to ionizing
radiation.

2.1. Activation of Nrf2 by Ionizing Irradiation
2.1.1. Cell type-Specific Sensitivity of Nrf2 Activation by Ionizing Irradiation
McDonald et al. showed that in human breast cancer cell line MCF7, Nrf2 activation by
ionizing irradiation does not occur until after 3 days, but only occurs at 5 days after
irradiation [30]. This delayed response appears to be also true for fibroblast cell line NIH3T3
and dendritic cell line DC2.4. They showed that ROS formation is activated at day 5, but not
at day 1, after mouse embryonic fibroblast (MEF) cells were exposed to irradiation, indicating
that delayed ROS production participates in Nrf2 activation. Tsukimoto et al. showed that
low-dose -ray irradiation (~0.1 Gy) induces Nrf2 activation in mouse macrophage cell line
RAW264.7 at 4 hours after irradiation and its activation seemed to be dependent upon
ERK1/2 pathway [31]. Yoshino et al. also described that 5 Gy, but not 1-2Gy, X-ray
irradiation activates Nrf2 at 6 hours after irradiation and induces HO-1 gene expression in
human macrophage cell line THP1 [32]. Lee et al. showed that low-dose X-ray irradiation
(~0.5 Gy) activates Nrf2 and its family factor Nrf1 as early as 2 hours after irradiation
through generation of ROS in human skin fibroblasts [33]. Therefore, the dynamics and
activation mechanism may differ depending on the cell type.
2.1.2. Generation of ROS and Putative Mechanism of Nrf2 Activation by Ionizing
Irradiation
Cell damage caused by ionizing radiation is primarily mediated by two mechanisms: 1)
the energy of ionizing radiation is accumulated in biomolecules, including nucleic acids,
proteins and lipids, resulting in their disruption; 2) ionizing radiation disrupts water
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molecules, which is termed radiolysis, and disrupted intracellular water converts into ROS
leading to damage of biomolecules [34].
Although Fourquet et al. showed that H2O2 promotes intramolecular disulfide formation
in Keap1, this may be context-dependent [35]. Thus, still under debate is whether ROS
directly reacts with Keap1 in the physiological condition, and we surmise that ROS-mediated
oxidation products, including lipid peroxidation products, are candidates for Keap1
inactivation by ionizing radiation.
Ionizing radiation is a lipid peroxidation inducer that oxidizes polyunsaturated fatty acids
of cellular membranes, and then finally converts the lipid peroxidation products into reactive
aldehydes. The most characterized and relevant lipid peroxidation product is 4hydroxynonenal (HNE) [36] that has anti-proliferative and pro-apoptotic effects in cultured
cells and tissues. HNE has a long half-life compared with ROS, and thus it is considered to be
a second messenger of oxidative stress [37]. HNE is a highly reactive electrophile and several
studies have shown that HNE is a potent NRF2 inducer [38,39]. Levonen et al. showed that
HNE can react with cysteine residues in the Keap1 protein, and that it may disrupt the Keap1dependent degradation of Nrf2 [40]. Further study by McMahon et al. showed that HNE
directly reacts with at least two specific cysteine residues in Keap1, leading to Nrf2 protein
stabilization [41]. These data indicate that lipid peroxidation products by ROS are potential
activators of Nrf2 in the context of ionizing radiation exposure.

2.2. Protective Effect of Nrf2 Activation against Ionizing Radiation
in Normal Cells and In Vivo: Good Face of Nrf2 Activation
2.2.1. Protective Effect of Nrf2 Activating Phytochemicals against Ionizing Irradiation
Plant-derived polyphenols and electrophilic compounds show a protective effect by
reducing ROS toxicity after radiation exposure and promote cell survival. Ethanol extract of
maize silks, dried cut stigmas of maize female flowers, activates Nrf2 in the liver and and has
a protective effect on radiation-induced oxidative stress in mice [42]. Dietary intake of
curcumin contained in turmeric ameliorates radiation-induced pulmonary fibroblasts and
increases mouse survival, while it does not protect Lewis lung carcinoma pulmonary
metastases against killing by radiation [43]. However, radiation-induced cognitive
dysfunction by radiotherapy has been reported. A recent study by Xie et al. explored the
relationship between the Nrf2 pathway and heavy ion irradiation-induced cognitive deficits
[44]. They observed that whole body heavy iron irradiation disrupts spatial learning, memory
and structure of the brain in mice, but Nrf2 activator curcumin significantly reduced
irreversible cerebral damage mediated by irradiation and attenuated oxidative stress.
Paeoniflorin is a bioactive monoterpene glucoside extracted from Paeonia lactiflora root.
This glucoside has a protective activity against irradiation induced oxidative injury by Nrf2
activation in human endothelial cells [45]. Sulforaphane is one of the most famous Nrf2
activators derived from broccoli and its sprout, and repeated stimulation by sulforaphane
protects fibroblasts from ionizing radiation [46].
Epigallocatechin-3-gallate (EGCG), which is the most abundant catechin in green tea and
is an Nrf2 inducer. EGCG treatment prevents HaCaT cell damage from ionizing radiation
[47]. Ghosh et al. showed that pre-treatment with black tea extract significantly reduces
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radiation-induced damage, including loss of cell viability, ROS generation, mitochondrial
dysfunction and apoptosis in normal lymphocytes compared with K562 lymphoma cells [48].
Consequently, up-regulation of Nrf2 mRNA is observed by black tea extract administration.
Pro-oxidant 1, 4-naphthoquinone alleviates radiation-induced apoptosis by activating Nrf2
and the calcium-induced ERK pathway in mice [49]. The selenium compound Semethylselenocysteine accumulates in plants, including broccoli, garlic and onion. Semethylselenocysteine has a preventive effect on irradiation-induced oxidative stress in rat
lungs [50].

2.2.2. Protective Effects of Synthetic Nrf2 Activators Against Ionizing Irradiation
Recently, the effects of synthetic Nrf2 activators against ionizing radiation have been
investigated. Kim et al. showed that Nrf2 activation by synthetic triterpenoides, bardoxolone
methyl (BARD) and 2-cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic acid ethyl amide protect
non-tumorigenic normal immortalized human colonic epithelial cells (HCEC) and colon
tissue of mice against ionizing radiation-induced damage [51]. Reisman et al. described that
synthetic triterpenoid RTA408 protects mice from radiation-induced dermatitis through upregulation of Nrf2-target genes [52]. Synthetic chalcone derivative 2-trifluoromethyl-2‘methoxychalone (TMC) is also a potent Nrf2 activator [53]. Kim et al. recently showed that
TMC-mediated Nrf2 activation increases hematopoietic stem progenitor cell function and
mitigates ionizing radiation-induced myelosuppression and mortality in mice [54]. This result
indicates that Nrf2 participates in promoting hematopoietic reconstitution after irradiationinduced myeloablative damage. Interestingly, Nrf2 expression decreases with aging. Mathew
et al. described that age-related reduction of macrophage migration inhibition factor (MIF)
affects irradiation-induced lung injury in mice: Nrf2 expression is attenuated in MIF KO
mice, leading to increased susceptibility to irradiation-induced lung injury through increased
inflammation [55]. However, Nrf2 activator administration restores the Nrf2 level in mice and
human fibroblast IMR-90, and persistent lung fibrosis associated with aging is improved [56].
These studies suggest that impaired Nrf2 expression by aging recovers by Nrf2 activators.
Taken together, these data indicate that Nrf2 activation has a potent protective role against
ionizing radiation in normal cells and animals, although the protective effect of Nrf2
activation in humans should be carefully investigated in future studies.

2.3. “Bad Face” of Nrf2 Activation in Response to Ionizing Radiation
Radiation therapy is the most widely accepted and effective cancer treatment and it
induces apoptosis in cancer cells through induction of direct and indirect DNA damage.
Recent studies showed that Nrf2 is overexpressed in various types of cancer cells [57,58].
Overexpression of Nrf2 increases a battery of cytoprotective and antioxidant genes, resulting
in resistance against chemotherapy and ionizing radiation. One reason for Nrf2
overexpression is loss-of-function Keap1 mutations (Figure 7.3). Somatic mutations of the
Keap1 gene have been identified in many tumor tissues and cancer cells [59-62]. These
mutations impair the Keap1 function as an Nrf2 inhibitor, leading to Nrf2 activation, which
contributes to resistance against chemotherapy and radiation therapy in cancer cells [59,63-
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65]. In some cases, Keap1 gene expression is decreased by hypermethylation of DNA at its
promoter region [66-68].
Another reason for Nrf2 overexpression is gain of function of Nrf2. Somatic mutations of
the Nrf2 gene have also been reported in various human cancers, including lung, esophagus
and skin [69,70]. All Nrf2 mutations accumulate are found in the DLG motif and ETGE
motif, which are domains responsible for interaction with Keap1 [57]. These mutations also
lead to stabilization of Nrf2 by reducing the interaction affinity between Nrf2 and Keap1.
Interestingly, suppression of the Nrf2-mediated antioxidant defense system confers sensitivity
to ionizing radiation and chemotherapeutic drugs [71, 72]. These findings indicate that Nrf2
plays a critical role in the development of chemoresistance and radioresistance in cancer.

Figure 7.3. Bad face and good face of Nrf2 activation. Details are described in the text.

3. MOLECULAR MECHANISM OF NRF2 IN IONIZING
RADIATION RESPONSE
Because Nrf2 is a transcription factor, the protective effect of Nrf2 activation against
ionizing radiation is dependent upon the activity of its target genes. In this section, we
describe representative Nrf2 target genes and related pathways that protect against ionizing
radiation.

3.1. Heme Oxygenase-1 (HO-1)
The HO-1 gene is a representative Nrf2 target gene that is overexpressed in various types
of cancers. HO-1 gene expression responds very sensitively to its substrate, heme, as well as
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to multiple environmental stressors, including oxidative stress, heavy metals, nitric oxide, UV
irradiation, and inflammation [73].
HO-1 is an inducible isoform of heme oxygenase, which is a monooxygenase that
catalyzes the oxidative degradation of heme into biliverdin, ferrous iron and carbon monoxide
(CO). Bilirubin, which is converted from biliverdin, functions as an antioxidant. CO acts as a
second messenger that controls inflammatory response and apoptosis. HO-1 is a microsomal
enzyme, but a small fraction has been detected in the nucleus. HO-1 expression is inducible in
many tissues, including skin, lung, liver, kidney, brain and macrophages. The wide
distribution enables multiple biological roles of HO-1 that participates in heme detoxification,
iron recycling, oxidative stress response and regulation of inflammation. Therefore, HO-1 is a
potential therapeutic target for many diseases [74].
HO-1 contributes to radioresistance of cancer or immortalized cells. Berberat et al. found
that HO-1 is overexpressed in human pancreatic cancer cells, although the expression level
varied among cells [75]. They showed that HO-1 is induced by irradiation and oxidative
stress. Knockdown of HO-1 by small interference RNA results in reduced pancreatic cancer
proliferation and oxidative stress tolerance. Lister et al. showed that Nrf2 is overexpressed in
pancreatic cancer cells and ductal adenocarcinomas and that knockdown of Nrf2 causes
increase in sensitivity to irradiation [76]. Liu et al. showed that HIV-TAT-HO-1 fusion
protein has a protective effect on HaCaT cells against ionizing radiation [77]. These studies
indicate that inhibition of HO-1 and Nrf2 might be a strategy to increase radiosensitivity of
cancer cells. Lee et al. showed that 4-(2-Cyclohexylethoxy)aniline (IM3829), an inhibitor of
Nrf2, is a promising candidate as a radiosensitizer for lung cancer [71].
HO-1 expression is also associated with protection against radiation. Ewing et al.
demonstrated that induction of HO-1 by cobalt protoporphyrine IX inhibits irradiationinduced apoptosis [78]. On the other hand, HO-1 inhibitor tin protoporphyrine IX (SnPP) did
not affect survival after irradiation. Thus, they concluded that pre-HO-1 induction protects
endothelial cells from irradiation-induced damages. Intriguingly, Otterbein et al. recently
showed that HO-1 directly participates in irradiation-induced DNA repair through its product
CO [79]. These data suggest that HO-1 is relevant to protect cells from ionizing radiation
through not only oxidative stress response but also DNA repair.

3.2. NAD(P)H Quinone Oxidoreductase 1 (NQO1)
Basal and inducible expressions of NQO1 are regulated by Nrf2 and their expression
levels correlate highly with Nrf2 activation in various tissues. NQO1 is a flavin-containing
enzyme that catalyzes two-electron reduction of quinone to hydroquinone [80]. To catalyze
this reaction, NQO1 requires NADH or NADPH as a cofactor. NQO1 is mainly localized in
cytosol, but a small portion is in the nucleus [80]. NQO1 is overexpressed in human solid
tumors, including colon, breast, pancreas and lung, due to constitutive activation of Nrf2.
Garate et al. showed that NOQ1 is highly expressed in melanoma cells and up-regulates the
expression of cyclins, resulting in cell cycle progression and proliferation of melanoma cells
[81]. These data indicate that Nrf2 overexpression contributes to cancer proliferation through
NQO1.
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NQO1 is a potential target to control sensitivity to irradiation. We previously showed that
X-ray irradiation induces several of Nrf2 target genes including NQO1 and HO-1 in human
placental/umbilical cord blood hematopoietic stem cells (HSC). Interestingly, the NQO1 gene
expression was negatively correlated with the survival fraction of HSCs [82]. -lapachone
contains quinone that originated from lapacho trees in South Africa. This compound is an
anticancer drug and shows strong cytotoxicity toward a variety of cancer cell lines. Choi et al.
showed that ionizing radiation synergistically increases -lapachone-induced cell death by
NQO1 up-regulation, indicating that this combination treatment is potential cancer therapy
[83]. NQO1 KO mice are viable and develop normally. However, a majority of NQO1 KO
mice develop myeloproliferative disease by -radiation exposure. This disease shows
increased neutrophil numbers, bone marrow hypercellularity, enlarged lymph nodes and
spleen, disrupted follicular structure, loss of red pulp in spleen, and granulocyte and
megakaryocyte invasion of the spleen. A higher incident of lymphoma and lung
adenocarcinoma was also observed in NQO1 KO mice after -irradiation. These data indicate
that NQO1 confers protective effects against ionizing radiation in mice [84].

3.3. Notch Signaling Pathway
The Notch family constitutes a group of transmembrane proteins that are important for
intercellular communications (Figure 7.4) [85]. At the time of binding to the ligands that are
also transmembrane proteins of the adjacent cells, Notch undergoes serial proteolytic
cleavage by ADAM family metalloproteinases and -secretase. The Notch intracellular
domain (NICD) released from the plasma membrane enters the nucleus to form a complex
with Notch binding partner recombination signal binding protein for the immunoglobulin
kappa J region (Rbpj) and activates a set of target genes by binding to its target sequence.
Thus, the Notch signaling pathway participates in cell fate specification, differentiation and
maintenance of stem and progenitor cells. Notch1 was first identified as an Nrf2 target gene
because the expression of the Notch1 gene was down-regulated in Nrf2 KO MEFs [86].
Furthermore, Notch1 target genes such as hes1 and p21 were also down-regulated and the
response to Notch1 ligands jagged 1 (JAG1) and Delta-like-1 (DLL1) is also reduced in Nrf2
KO MEFs. Wakabayashi et al. [86] further showed that during partial hepatectomy Notch1
levels are reduced in Nrf2 KO liver and that liver regeneration is significantly delayed in Nrf2
KO mice. Wakabayashi et al. also found that Nrf2 gene expression is also activated by the
Notch signaling pathway in the liver as the gene regulatory region of Nrf2 has binding sites
for Rbpj They showed that NICD overexpression in mouse hepatocytes leads to
hepatomegaly, bile duct hyperbranching and increased resistance to acetaminophen
hepatotoxicity.
Notch signaling is also important for hematopoiesis. As described in section 2-2-2, TMCmediated Nrf2 activation increases hematopoietic stem progenitor cell function and mitigates
ionizing radiation-induced myelosuppression and mortality in mice [54]. TMC activates
JAG1 expression in stromal cells and in the activated Notch signaling pathway that protects
against total body irradiation. Therefore, Nrf2 increases tissue regeneration and hematopoiesis
by increasing the activity of Notch signaling pathway.
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3.4. DNA Repair Pathway
Double-strand breaks (DSBs) in DNA are caused by cellular stresses, such as oxygen
radicals, chemical mutagens and ionizing radiation. DNA damage response (DDR) is initiated
by sensing DNA damage by the sensor protein followed by mediator and activator activation
[88]. DDR mediators include p53-binding protein 1 (53BP1) and Breast Cancer 1 (BRCA1).
53BP1 is recruited to the site of DNA DSBs. As described in section 2-2-2, Kim et al. showed
that BARD administration before irradiation increases clonogenic survival of HCECs [51].
They showed that BARD induces DNA damage response, including rapid Rad51 and BRCA1
nuclear translocation, but it is reduced by Nrf2 knockdown. They showed by chromatin
immunoprecipitation analysis that Nrf2 binds to the regulatory region of the 53BP1 gene and
that BARD increases 53BP1. Irradiation-induced oxygen radicals also induce oxidation of
DNA, the most common oxidized DNA being 8-hydoxydeoxyguanosine (8-OHdG). The 8oxoguanine DNA glycosylase (OGG1) catalyzes the rate limiting reaction to remove 8-OHdG
from DNA. The expression of the OGG1 gene is also regulated by Nrf2 though the promoter
ARE in the OGG1 gene [89].

Figure 7.4. Nrf2-mediated activation Notch pathway and DNA double-strand break (DSB) response.
NICD: Notch Intracellular Domain, DDL1: Delta-like-1, JAG1: Notch1 ligands jagged 1, BRCA1:
Breast Cancer 1, H2AX: phosphorylated histone H2AX, 53BP1: p53-binding protein 1, OGG1: 8oxoguanine DNA glycosylase, MUTYH: MutY homolog, ROS: reactive oxygen species, TMC: 2trifluoromethyl-2‘-methoxychalone, BARD: bardoxolone methyl, ARE: antioxidant responsive
element, RBE: Rbpjbinding element, DSB: double strand break, Hes: hairy and enhancer of split-1.
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3.5. Crosstalk with p53
Several studies showed the crosstalk between Nrf2 and p53 pathways. p53 is a
transcription regulator of anticancer function and has a critical role in apoptosis, DNA repair,
cell cycle regulation and genome instability in response to various stimuli, including ionizing
radiation and oxidative stress; the encoded gene is often mutated in various tumors [90]. We
showed that the Nrf2 and p53 coordinately attenuates N-nitrosobutyl(4-hydroxybutyl)-amineinduced urinary bladder carcinogenesis in mice [7]. Chen et al. showed that p21Cip/WAF1,
which is a p53 target gene, directly binds to the DLG motif of Nrf2 and promotes Nrf2
activation by competing with Keap1 and Nrf2 interaction in response to oxidative stress [91].
The protective function of NQO1 against ionizing radiation may be mediated by tumor
suppressor p53, which is also a very labile protein and undergoes Mdm2 and ubiquitindependent degradation. NAD(P)H competitive NQO1 inhibitor dicumarol inhibits
accumulation of -irradiation-induced p53 in HCT116 human colon cancer cells [92]. NQO1
selectively interacts with p73 in the 20S proteasome and stabilizes p53 after -irradiation
[93]. Therefore, although the anti-oxidative stress property of NOQ1 is important, p53
stabilization by NQO1 may be crucial to protect cells against ionizing radiation. Thus, we
surmise that the Nrf2-p53 circuit may cooperatively protect cells from ionizing radiation
damage.

CONCLUSION
In this review, we argued that Nrf2 not only regulates a battery of antioxidant and
detoxification genes, but also cellular damage and DNA repair response, as well as cellular
proliferation of organisms to survive against harsh environments including ionizing
irradiation. Such roles of Nrf2 in humans remain to be clarified, but Nrf2 activation by
phytochemicals and therapeutic drugs should be a promising strategy to promote health in
humans.
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